Abstract: Highly optically enriched protected nitrogenated heterocycles with different ring sizes have been synthesized by a very efficient methodology consisting in the asymmetric transfer hydrogenation of N-(tert-butylsulfinyl)haloimines followed by treatment with a base to promote an intramolecular nucleophilic substitution process. N-Protected aziridines, pyrrolidines, piperidines and azepanes bearing aromatic, heteroaromatic and aliphatic substituents have been obtained in very high yields and diastereomeric ratios up to > 99:1. The free heterocycles can be easily obtained by a simple and mild desulfinylation procedure. Both enantiomers of the free heterocycles can be prepared with the same good results by changing the absolute configuration of the sulfur atom of the sulfinyl group.
Introduction
The synthesis of chiral nitrogen-containing saturated heterocycles has attracted the attention of organic chemists worldwide. 1 Some features of those compounds that make them so interesting are:
(a) they are key structures present in many natural and synthetic products that display biological and pharmacological activity, 2 playing a crucial role in the design of new drugs; (b) they have found applications as either chiral ligands or organocatalysts in asymmetric synthesis. 3 Among the different methods to build those heterocyclic scaffolds in enantiomerically enriched form, the cyclization of chiral haloamines has shown to be very straightforward and effective. The precursor haloamines can be synthesized by addition or reduction methodologies from imines bearing a chiral auxiliary bonded to the nitrogen atom. In recent years, the tert-butylsulfinyl group has arisen as an outstanding chiral auxiliary that leads to excellent diastereoselectivities in a wide assortment of synthetic approaches 4 and shows the advantage of an easy removal from the nitrogen atom under mild acidic conditions. 5 The asymmetric synthesis of saturated nitrogenated heterocycles from N-(tert-butylsulfinyl)haloimines has been accomplished through addition of nucleophiles to the iminic carbon 6 or, to a lesser extent, via reduction of the C=N bond with either boron or aluminium hydrides.
7
Functionalized amines are appropriate substrates for the preparation of nitrogenated heterocycles. 1 A very useful methodology for the stereoselective synthesis of chiral amines is the asymmetric transfer hydrogenation (ATH) of imines. 8 However, this reduction procedure has seldom been used as a tool to prepare nitrogenated heterocycles and, to the best of our knowledge, there are only a few examples reported so far which consist in the reduction of other unsaturated heterocyclic compounds containing endocyclic imine functions. 9 In the last years, several of our research activities have focused on diastereoselective processes using enantiomerically pure N-(tert-butylsulfinyl)imines as substrates. 10 We have developed a very effective method for the preparation of highly enantiomerically enriched aromatic and aliphatic amines by ruthenium-catalyzed ATH of N-(tertbutylsulfinyl)ketimines in isopropyl alcohol followed by desulfinylation of the nitrogen atom.
11
Recently, we have used this hydrogen transfer based reduction methodology as a key step to accomplish the synthesis of optically enriched γ-, δ-, and ε-lactams from N-(tertbutylsulfinyl)iminoesters. 12 Herein we describe the application of the ATH of N-(tertbutylsulfinyl)haloimines to the synthesis of highly enantiomerically enriched aziridines, pyrrolidines, piperidines and azepanes.
Results and Discussion
Encouraged by the excellent results that we had obtained in the synthesis of enantiomerically enriched amines through a ruthenium-catalyzed ATH of sulfinylimines, 11 we decided to try to extend this methodology to the diastereoselective reduction of N-(tert-butylsulfinyl)ketimines 2 bearing halogen atoms that could later act as leaving groups in intramolecular nucleophilic substitution processes that would lead to N-protected saturated heterocycles 4 (Scheme 1). Since the sulfinyl group can easily be removed, 5 this sequence would represent an interesting way of preparing nitrogenated heterocyclic compounds.
Scheme 1. Blueprint for the Preparation of Chiral Saturated N-Protected Heterocycles 4
Our first goal was the synthesis of haloimines 2, for which we needed the corresponding haloketones 1 as precursors. Chart 1 shows all the haloketones that we have used, some of which were commercially available (1a-1d, 1g, 1h, 1k and 1m). Chloroketones 1e, 1f, 1i, 1j, 1l and 1n and bromoketones 1n' and 1o' were prepared from halogen-containing acid chlorides 5 as indicated in Scheme 2. First, the acid chlorides were transformed into the corresponding Weinreb amides 6, which reacted with several Grignard reagents to give, after hydrolysis, the expected haloketones 1e, 1f, 1i, 1j, 1l, 1n, 1n' and 1o' in 61-93% overall yields. The starting acid chlorides were commercially available, except for the one bearing a bromine atom, which was prepared by treatment of the corresponding carboxylic acid with thionyl chloride. Having all the haloketones 1 in hand, the required haloimines 2 were prepared by condensation of those haloketones with (R)-2-methylpropane-2-sulfinamide in the presence of titanium tetraethoxide under neat conditions (Scheme 3), following our reported procedure. 13 Thereby, the expected enantiomerically pure (R)-N-(tert-butylsulfinyl)haloimines 2 were isolated in good yields after column chromatography. In the case of the aliphatic imine 2m, an 86:14 (E/Z) mixture of geometrical isomers was obtained, from which the pure (E) isomer was isolated after column chromatography. The (S)-haloimine ent-2e was also prepared by the same procedure but using the (S) enantiomer of 2-methylpropane-2-sulfinamide. Unfortunately, all attempts to prepare -haloimines failed due to elimination processes that led to ,-unsaturated imines, together with some unreacted -haloketones. was the case in our ATH of simple ketimines, (R)-configurated haloimines 2 led to (R)-configurated nitrogenated heterocycles.
Chart 2
Next, we studied the reaction scope by applying our one-pot ATH-cyclization sequence to haloimines 2d-2j (Scheme 4) with the aim of preparing some other substituted pyrrolidines. Nprotected pyrrolidines bearing phenyl substituents with either electron-releasing (4f) or electronwithdrawing groups (4g) could be prepared with excellent results. We were able to get a single crystal of compound 4g and the corresponding X-ray structure confirmed that the stereogenic center generated in the ATH process had the (R) absolute configuration (see Figure 1 ).
Scheme 4. One-pot ATH-Cyclization Sequence. Synthesis of N-Protected Aziridines 4a-4c and
Pyrrolidines 4d-4j and ent-4e a a In parentheses, yield of isolated product after column chromatography (based on the starting haloimine 2 or ent-2e) and diastereomeric ratio (estimated from the 1 H NMR spectrum of the crude reaction mixture). All isolated compounds 4
and ent-4e were ≥ 95% pure (300 MHz 1 H NMR).
b [RuCl 2 (p-cymene)] 2 (5 mol%), 2-amino-2-methylpropan-1-ol (10 mol%) and tert-BuOK (25 mol%) were used in this reaction.
c (S)-Chloroimine ent-2e was used as substrate in this reaction. the catalyst loading for the reduction of the aliphatic imine 2j had to be increased to assure full conversion of the starting material, 14 but it is worth noting that the expected aliphatic pyrrolidine 4j
was obtained in 90% yield with a 98:2 dr.
This one-pot ATH-cyclization routine was also applied to -chloroimines 2a-2c in order to try to synthesize the corresponding chiral aziridines (Scheme 4). We were glad to see that N-protected 3-membered ring heterocycles with either aromatic (4a and 4b) or aliphatic substituents (4c) could be obtained in high yields and diastereomeric ratios. As before, a higher catalyst loading was necessary to achieve complete reduction of the aliphatic imine 2c.
14 These promising results encouraged us to try to extend this one-pot ATH-cyclization protocol to the synthesis of piperidines and azepanes from the corresponding -and -haloimines, respectively.
However, the cyclization did not take place under those reaction conditions: when we used -chloroimine 2k as substrate, the corresponding chlorosulfinamide 3k was obtained instead of the expected piperidine. 15 Fortunately, a two-step procedure allowed the formation of N-protected piperidine 4k: when the ATH reaction was finished, the usual work-up was performed 11c,d and the crude residue was dissolved in THF, KHMDS was added at 0 ºC and the mixture was stirred at the same temperature for 1 h. Under these conditions, a highly optically enriched piperidine 4k was isolated in 91% overall yield (Scheme 5). The same two-step methodology applied to imine 2l yielded compound 4l with the same good results concerning both yield and diastereoselectivity. It is worth noting that the protected aliphatic piperidine 4m could also be obtained with a 97:3 dr using the same amount of catalyst as for the reduction of the other aliphatic imines 2c and 2j.
16

Scheme 5. ATH Followed by Treatment with KHMDS. Synthesis of Piperidines 4k-4m and
Azepanes 4n, 4o a a In parentheses, yield of isolated product after column chromatography (based on the starting haloimine 2) and diastereomeric ratio (estimated from the 1 H NMR spectrum of the crude reaction mixture). All isolated compounds 4
were ≥ 95% pure (300 MHz 1 H NMR).
b The ATH crude was dissolved in anhydrous THF, KHMDS (1.3 equiv, 1 M solution in THF) was added at 0 ºC and the reaction mixture was stirred at the same temperature for 1 h.
c [RuCl 2 (p-cymene)] 2 (5 mol%), 2-amino-2-methylpropan-1-ol (10 mol%) and tert-BuOK (25 mol%) were used in this reaction. d The ATH crude was dissolved in anhydrous THF, KHMDS (1.3 equiv, 1 M solution in THF) was added at 0 ºC and the reaction mixture was stirred allowing it to reach room temperature and then stirred overnight.
The two-step procedure did not work for the preparation of 7-membered ring heterocycles from -chloroimine 2n. Treatment of chlorosulfinamide 3n with KHMDS failed to form the cyclization product, even at higher temperatures and increasing the amount of base. Fortunately, this problem could be solved by starting from imines 2n' and 2o', both having a bromine atom as a leaving group instead of a chlorine. Treatment of bromine-containing sulfinamides 3n' and 3o' with KHMDS overnight at room temperature led to the corresponding azepanes 4n and 4o in high yields and with excellent diastereoselectivities (Scheme 5). We were able to get an X-ray structure of compound 4n, which confirmed that the stereogenic center generated in the ATH process had the (R) absolute configuration ( Figure 2 ). To the best of our knowledge, the synthesis of azepanes through ATH processes had never been reported so far. In our opinion, the methodology described herein represents a very efficient route to prepare saturated nitrogenated heterocycles from halogen-containing N-(tert-butylsulfinyl)ketimines and presents some advantages in comparison with the few procedures found in the literature that allow a similar transformation: 7 (a) we use a catalytic ATH method to reduce the imine function, while the reported procedures employ stoichiometric reagents such as boron or aluminium hydrides which could lead to the formation of side products; (b) the achiral ligand that we use in the ruthenium catalyst is very cheap, thus reducing the reaction costs; (c) isopropyl alcohol, which acts as a solvent and as a hydrogen source in our ATH reaction, is environmentally friendly and is a convenient solvent for industrial scale processes; 17 (d) our methodology is more versatile, since we have been able to prepare nitrogenated heterocycles with a variety of ring sizes.
Conclusion
We have presented herein a simple, versatile and very effective procedure for the synthesis of highly optically enriched N-protected aziridines, pyrrolidines, piperidines and azepanes by applying our ATH protocol to the diastereoselective reduction of N-(tert-butylsulfinyl)haloimines. A one-pot ATH-cyclization sequence enables the preparation of both aziridines and pyrrolidines, whilst piperidines and azepanes become accessible through a two-step protocol. The free saturated nitrogenated heterocycles can be easily obtained by removal of the sulfinyl group from the nitrogen atom under mild acidic conditions. Nitrogenated heterocycles bearing aromatic, heteroaromatic or aliphatic substituents can be prepared in very high yields and optical purities. The absolute configuration of the final product can be tuned up simply by choosing the adequate configuration on the sulfinyl chiral auxiliary.
Experimental Section General Information
All glassware was dried in an oven at 100 ºC and cooled to room temperature under argon before 
Preparation of Weinreb Amides 6. General Procedure
A 2 M NaOH aqueous solution (15 mL) was added to a suspension of Me(MeO)NH·HCl (926 mg, 9.5 mmol) in CH 2 Cl 2 (15 mL) at 0 ºC. Then, the corresponding acid chloride (10.0 mmol) was added dropwise during ca. 1 min, the reaction mixture was allowed to reach room temperature and it was stirred overnight. The reaction mixture was extracted with CH 2 Cl 2 (2 × 5 mL) and the combined organic layers were washed with a 2 M NaOH aqueous solution (10 mL) and dried (Na 2 SO 4 ). After filtration and evaporation of the solvents, the expected Weinreb amides were obtained, which were used in the next step without purification.
For the preparation of bromoketones 1n' and 1o', 6-bromohexanoyl chloride was required, which was prepared by refluxing a mixture of 6-bromohexanoic acid (2.34 g, 12.0 mmol) and SOCl 2 (60.0 mmol) in CH 2 Cl 2 (20 mL) for 5 h. Solvent and the excess of SOCl 2 were evaporated and the residue was used directly for the synthesis of the corresponding Weinreb amide. with the ones reported in the literature. The corresponding physical, spectroscopic and analytical data for haloketones 1l and 1o' follow. under argon at 72 ºC (oil bath temperature). After cooling to room temperature, the mixture was diluted with ethyl acetate (10 mL) and poured into brine (3 mL) while rapidly stirring. The resulting suspension was filtered through a plug of celite and the filter cake was washed with ethyl acetate.
Addition of Grignard Reagents to
5-Chloro-1-(3-methylphenyl)pentan-1-one (1l):
After evaporation of the solvent, the resulting residue was purified by column chromatography (silica gel, hexane/ethyl acetate), to give the expected haloimines 2 and ent-2e in the yields indicated for haloimines 2b, 2c, 2h, 2j, 2l, 2m, 2n' and 2o' follow. 7, 29.9, 31.8, 44.8, 57.9, 124.0, 126.7, 127.6, 128.0, 128.2, 128.4, 129.3, 132.7, 134.7, 134.8, 177.8; m/z (DIP) (300 MHz, CDCl 3 ) δ 1.14 (6H, d, J = 6.8 Hz), 1.24 (9H, s), 2.04-2.14 (2H, m), 2.45-3.05 (3H, m), 3.59 (2H, t, J = 6.1 Hz); 13 C NMR (75 MHz, CDCl 3 ) δ 20. 1, 20.2, 22.3, 30.6, 32.4, 39.5, 44.5, 56.9, 190 22.7, 25.9, 31.4, 32.2, 44.3, 57.6, 124.5, 127.9, 128.5, 132.3, 137.4, 138.3, 179.3 27.8, 28.3, 32.15, 32.2, 33.6, 57.6, 127.4, 128.6, 131.5, 137.7, 179.5; m/z (DIP) , tert-BuOK (3.9 mL of a 0.3 M solution in i-PrOH, 1.17 mmol) was added to the reaction mixture and it was stirred for 1 h at 50 ºC. Then, the reaction mixture was passed through a small column of silica gel, the column was washed with ethyl acetate, the combined organic phases were evaporated and the resulting residue was purified by column chromatography (silica gel, hexane/ethyl acetate), giving the expected N-protected aziridines 4a-4c and pyrrolidines 4d-4j and ent-4e with the yields and diastereomeric ratios indicated in Scheme 4. 2, 36.4, 55.1, 57.4, 57.5, 124.8, 125.0, 125.5, 126.1, 127.6, 127.7, 128.2, 132.3, 133.2, 142.0; m/z (DIP) 6, 20.1, 23.4, 25.4, 26.1, 31.0, 50.5, 57.6, 62.7; m/z (DIP) 
(R)-N-[2-Chloro-1-(4-chlorophenyl)ethyliden]-2-methylpropane
Removal of the Sulfinyl Group. Isolation of Pyrrolidines 7e and ent-7e. General Procedure
Product 4e or ent-4e (133 mg, 0.5 mmol) was dissolved in a 2 M solution of HCl in methanol (7 mL; prepared by dropwise addition of SOCl 2 to methanol at 0 ºC) and stirred overnight at room temperature. Then, the solvent was evaporated, a 2 M aqueous HCl solution (10 mL) was added and the mixture was extracted with ethyl acetate (3 × 10 mL). The organic layers were discarded. The aqueous layer was basified with a buffer solution of NH 3 (2 M) / NH 4 Cl (2 M) (10 mL) and a 2 M aqueous NaOH solution to ensure pH > 11. The mixture was extracted with CH 2 Cl 2 (3 × 10 mL).
The combined organic phases were dried (Na 2 SO 4 ). After filtration and evaporation of the solvent, the pure pyrrolidine 7e (78 mg, 97%) or ent-7e (80 mg, 99%) was obtained. Compounds 7e and ent7e were identified by comparison of their physical and spectroscopic data with the ones reported in the literature. 
4o. General Procedure
Haloimine 2k-2m, 2n' or 2o' was reduced by the same ATH procedure used for the preparation of aziridines and pyrrolidines (see above). After completion of the ATH process (generally 2 h, monitored by TLC), the reaction mixture was directly passed through a small column of silica gel, the column was washed with ethyl acetate, and the combined organic phases were evaporated, giving halosulfinamide 3k-3m, 3n' or 3o', which was submitted to the cyclization step without further purification.
KHMDS (1.17 mL of a 1 M solution in THF, 1.17 mmol) was added to a solution of the halosulfinamide 3k-3m, 3n' or 3o' (0.9 mmol) in anhydrous THF (4 mL) at 0 ºC. For the synthesis of piperidines 4k-4m, the reaction was then stirred for 1 h at 0 ºC. For the preparation of azepanes 4n and 4o, the cooling bath was removed and the reaction mixture was stirred overnight at room temperature. After completion of the cyclization step, Et 2 O (10 mL) and a saturated aqueous NH 4 Cl solution (5 mL) were added. The mixture was extracted with Et 2 O (3 × 5 mL) and the combined organic layers were dried (Na 2 SO 4 ). After filtration and evaporation of the solvent, the resulting residue was purified by column chromatography (silica gel, hexane/ethyl acetate), giving the expected N-protected heterocycles 4k-4o with the yields and diastereomeric ratios indicated in 1, 25.3, 29.6, 30.1, 38.9, 48.0, 56.7, 57.8, 126.3, 126.4, 128.4, 145.4; m/z (DIP) 
